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LOW-SPEED FORCE AND FLIGHT INVESTIGATION OF A MODEL
OF A MODIFIED PARAWING UTILITY VEHICLE

By Joseph L. Johnson, Jr.
SUMMARY

A low-speed wind-tunnel investigation has been made to determine the flight
characteristics of a model of a parawing utility vehicle. The model was gener-
ally similar in design to an earlier model of a parawing utility vehicle flight
tested, but incorporated several design changes, primarily in the area of con-
trol, which were intended to correct certain deficiencies of the earlier vehicle.
Included in the modifications was a 3%5° vee-tail installed to provide pitch and
yaw control. In addition, the aft 14 percent of each leading edge of the para-
wing was hinged to deflect with wing bank much like a servo tab in an effort to
reduce the large lateral hinge moments associated with the wing-bank control
system.

The results of the investigation showed that the model had generally satis-
factory stability characteristics over the angle-~of-attack range covered in the
flight tests, but force tests showed that it had g pitch-up tendency at angles
of attack @bove those covered in the flight tests. The control effectiveness
provided by the design control system was unsatisfactory about each of the three
axes in some flight conditions. A revised control system was devised, however,
which gave satisfactory control.

INTRODUCTTION

In connection with a general research program being conducted by the
National Aeronautics and Space Administration to provide some basic information
on configurations employing the parawing concept, a low-speed force and flight
investigation has been conducted in the Langley full-scale tunnel on a model of
a modified parawing utility vehicle. The model was generally similar in design
to the parawing utility vehicle flight tested in a previous investigation (see
ref. 1), but incorporated several design changes which were intended to correct
certain deficiencies of the earlier vehicle. The modified vehicle was similar
to the earlier vehicle in that it consisted basically of a cargo platform
attached to a parawing by means of an overhead truss arrangement. It was
povered by a pusher propeller located at the aft end of the platform and had a
cockpit located at the front. The original vehicle was controlled by banking
and pitching the wing. In the design configuration of the present vehicle, wing
bank was still used for roll control, but the aft 14t percent of each leading
edge of the parawing was hinged, much like a servo tab, in an effort to reduce



the large hinge moments assoclated with the wing-bank control system. A 35°
vee-tall was mounted behind the propeller, outside the propeller disk, and
control surfaces on the vee-tall were used to provide pitch and yaw control.

The present investigation was made to determine the static and dynemic
stability and the control characteristics of the modified vehicle. Flight
tests were made over an angle-of-attack range of the parawing keel from about
20° up to the maximum trim angle of attack possible (31°) with the design con-
trol system. Tests were also made with the revised control system. Static
force tests were made over a keel angle-of-attack range from 0° to 45° to deter-
mine the static stability and control characteristics of the model for correla-
tion with the flight-test results.

Motion-picture supplement L-836 has been prepared and is available on loan.
A request card and a description of the film are included at the back of this

document.
SYMBOLS

All forces, moments, and velocities with the exception of 1lift and drag
are presented with respect to a system of body axes originating at the refer-
ence center-of-gravity position shown in figures 1 and 2. All measurements are
reduced to standard coefficient form and are based on the dimensiongl charac-
teristics of the flat planform of the parawing (45° leading-edge sweep).

b wing span, ft
Ck parawing keel length, ft
Cp drag coefficient, Fp/qS
Ch hinge-moment coefficient, M,[qSb
CL, 1ift coefficient, FL/qS
Cy rolling-moment coefficient, Mx/qu
Cn pitching-moment coefficient, My/chk
Cn yawing-moment coefficient, My / aSb
Cy lateral-force coefficient, Fy/qS
Cia = ——13 per deg

B oB



C = —=, per de
nB aB » D g

C = ——, per deg

3%’

Fp drag, 1b

Fr, lift, 1b

Fy side force, 1b

Ix moment of Inertia about X-axis, slug—ft2

IY moment of inertia about Y-axis, slug—ft2

Iz moment of inertia about Z-axis, slug-ft2

it angle of incidence of horizontal tail, positive when trailing edge
down, deg

. angle of incidence of parawing keel with respect to platform,
ax - ap, deg

L/D lift-drag ratio

My, hinge moment (positive when M, tends to deflect wing-tip trailing
edge downward), ft-1b

My rolling moment, ft-lb

My pitching moment, ft-1b

Mg, yawing moment, ft-1b

q free-stream dynamic pressure, lb/sq ft

S wing area, sq ft

Sg tail area, sq ft

Te thrust coefficient,

C -C
D(power on) D(power off, propeller windmillingi]ap= 0°

XY,Z longitudinal, lateral, and normal body axes, respectively



X,2 distances along X~-axis and Z-sxis, respectively, ft

angle of attack of keel, deg

O

% angle of attack of platform, deg

B angle of sideslip, deg

B¢ deflection of elevator surface, positive when trailing edge down, deg
oI deflection of rudder surfaces, positive when trailing edge left, deg
atip deflection of hinged wing tips, positive when trailing edge down, deg
@ angle of roll (bank) of wing, positive when right wing tip down, deg

MODEL AND APPARATUS

The test vehicle used in the investigation was a l/5—scale model of a
light utility STOL aircraft. The configuration was generally similar in design
to the original airplane described in references 1 and 2, but had several modi-
fications which were intended to improve the aircraft handling qualities. A
three-view drawing of the model with the design vee-tail arrangement and with a
modified tail arrangement is presented in figure 2(a) and figure 2(b), respec-
tively. A sketch of the linkage used in the design control system is shown in
figure 2(c) and photographs of the model are presented in figure 3. Dimensional
and mass characteristics of the model are presented in table I.

The modified vehicle was similar to the earlier vehicle in that it con-
sisted basically of a cargo platform attached to a parawing by means of an over-
head truss arrangement. It was powered by a pusher propeller located at the
aft end of the platform and had a cockpit located at the front. The parawing
used on the vehicle consisted of an aluminum-alloy box-beam keel and two
airfoil-shaped leading edges hinged together at the apex of the wing. A fixed
leading-edge sweep angle of 50° was maintained by a spreader bar which was
attached to the parawing leading edges and to the keel at approximately the
4, 5-percent keel station. The spreader bar was hinged to the top of a pyramid-
type structure mounted on the platform and banked with the wing sbout an axis
parallel to the platform. The fabric used to form the membrane of the parawing
was made of nylon cloth with a plastic coating to give essentially zero porosity.

The original parawing utility vehicle was controlled by banking and
pitching the wing (which is, in effect, control by center-of-gravity shift).
Wing bank was still used for the design configuration of the present vehicle
for roll control, but the aft 14 percent of each leading edge of the parawing
was hinged, much like a servo tab, in an effort to reduce the large hinge
moments associated with the wing-bank control system. The hinge axis of the
wing tips was located so that the tips deflected in a plane parallel to the
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wing surface at the maximum span location. When the wing was banked with this
arrangement, one tip effectively moved inward and upward and the other outward
and downward. In this control system, the roll cables from the roll actuator
were linked directly to the hinged wing tips through a pulley-cable system
along the spreader bar and wing leading edges. When the wing tips were
deflected, they provided e rolling moment which, in turn, banked the wing.
Centering springs were provided in this system to insure tension in the roll
cables when the wing was not under air loads.

Pitch and yaw control were provided in the design configuration of the
present vehicle by a 35° vee-tail arrangement mounted behind and below the
pusher propeller. For some tests, a horizontal-tail and rudder arrangement
mounted directly in the propeller slipstream was used for increased pitch and
yaw control. (See fig. 2(b).) In some tests in which the rudder was installed
the vee-tail was removed and in other tests it was left on. TIn all tests,
longitudinal trim was achieved through variable wing incidence.

Electrically operated servoactuators mounted on the platform were used to
provide control deflections in response to electrical signals generated by the
pilot's control stick. The control used was similar to the full-off and full-on
type in that a control signal deflected the surfaces at a fixed rate (depending
upon the gearing and linkage involved). When the control stick was released,
the control surfaces returned to their neutral setting.

Thrust for the model was supplied by a pneumatic motor driving a four-
blade pusher propeller. The propelier blades were of 3-inch chord and were set
at a blade angle of 14° measured at the 0.75-radius station.

The investigation was conducted in the Langley full-scale tunnel. The
flight tests were made by using the technique given in reference 3 and the
equipment illustrated in figure 4. Static force tests were made by using sting-
type support equipment and strain-gage balances.

TESTS

Flight Tests

Flight tests were made to study the dynamic stability and control charsac-
teristics of the model over a keel angle-of-attack range from 20° up to the
maximum trim angle of attack possible (31°). The model was flown with the vee-
tall arrangement to provide pitch and yaw control and, in addition, was flown
with & horizontal-tail and rudder arrangement mounted directly in the propeller
slipstream to provide pitch and yaw control. In this tail arrangement (which
was not force tested), the horizontal tail was identical in size to the rudder
surface shown in figure 2(b). The model with the larger horizontal-tail
arrangement shown in figure 2(b) and mentioned in the "Model and Apparatus"
section was not flight tested. TFor a few tests, the model was flown with the
wing tips deflected symmetricslly to provide pitch control. For most flights,
roll control was provided by the combination of wing bank and wing-tip deflec-
tion. A few tests were also made in which the wing tips were locked and roll



control was provided by pure wing bank. Other tests were made in which the
wing was locked in bank and roll control was provided by differential deflec-
tion of the wing tips. Wing-bank angle used for lateral control was ¥5° and
wing-tip deflections varied from ¥10° to *17°. Vee-tail rudder and elevator
deflections were +12° and 125°, respectively.

For all flight tests, the longitudinal location of the center of gravity
was the same as that used for the force-test center-of-gravity reference shown
in figure 2. The vertical location of the center of gravity for the flight
tests was 2.67 inches above the reference axis shown in figure 2.

Force Tests

For all the force tests, the strain-gage balance was mounted so that its
longitudinal axis was alined with the cargo platform. The balance moment cen-
ter was located at the reference center of gravity shown in figure 2. Since the
forces and moments were therefore measured with respect to the platform angle,
it was more convenient to use this angle rather than the keel angle as a refer-
ence for angle of attack. For this reason, the data are plotted in terms of
platform angle and are discussed in terms of this angle except for a few cases
where the data are referred to the keel angle for comparison purposes.

Power-off and power-on force tests were made to determine the static longi-
tudinal and lateral stability and control characteristics of the model for use
in correlation with the flight-test results. 1In the power-off tests, the pro-
peller was allowed to windmill. In the power-on longitudinal tests, an effort
was made in some cases to simulate steady level flight by trimming the model in
both pitch and drag. Once the thrust setting of the motor was determined for
these conditions, 1t was then held constant over the remasinder of the angle-of-

attack range.

Most of the force tests were made over an angle-of-attack range of the
platform from -10° to 20° for wing incidences of 20°, 25°, and 30°. (The angle-
of-attack range of the keel covered by this group of tests varied from 10° to
50°.) Most of the lateral tests were made for sideslip angles of 15° although
a few tests were made over an angle-of-sideslip range from -20° to 20°. The
tests to determine the lateral control effectiveness of the wing were made for
wing-bank angles of #5° and *10° and wing-tip deflection angles of #5°, +10°,
and $15°. Tests to determine the effectiveness of the vee-tail control sur-
faces were made for deflections of 110 and ¥20° for both elevator and rudder
control. TFor the horizontal-tail and rudder arrangement mounted in the slip-
stream, control deflections were *10° and *20° for elevator control and *10°

for rudder control.

A1l the tests were run at a dynamic pressure of about 1.00 pound per square
foot which corresponds to an airspeed of about 30 feet per second at standard
sea-level conditions and to a test Reynolds number of about 1,660,000 based on
the parawing keel length of 8.67 feet.



RESULTS AND DISCUSSION

Force Tests

Static longitudinal stability and control characteristics.- The results
of force tests to determine the static longitudinal stability and control char-
acteristics of the model are presented in figure 5 for wing incidences of 20°,
259, and 30°. These data show that the effects of power on the longitudinal
characteristics of the model are relatively small except for the iy = 30° con-
dition. For this condition, power delayed the stall and increased the maximum
1ift coefficient.

In order to permit a comparison of the effects of wing incldence on the
longitudinal characteristics more conveniently, the data of figure 5 for iy
conditions of 20°, 25°, and 30° are replotted in figure 6(a) for the power-off
case. Also presented in figure 6(a) are data for the model with the parawing
off. (For comparison, the data are referred to the keel angle in fig. 6(b).)
The data for the complete configuration show that increasing the angle of inci-
dence of the parawing increased the 1lift coefficient at which pitch trim
occurred and reduced the static longitudinal stability (a result expected since
an increase in wing incldence corresponds to a rearward shift in the center of
gravity relative to the wing). At angles of attack near the stall, the pitching
moments show a destabilizing break and then, at the stall, an abrupt nose-down
or stabilizing bresk. The maximum value of (L/D)ipiy Wwas about 4.2 and was

obtained for the i = 250 condition at a 1lift coefficient of about 0.75. The

data for the model with the parawing off in figure 6(a) show relatively small
values of 1lift, drag, and pitching moment.

The results of tests to measure the longitudinal characteristics of the
model with the vee-tail off are presented in figure 7. Comparison of these
results with those of the complete model of figures 5 and 6 shows in general
that the vee-tail had little effect on the lift, drag, and pitching-moment
characteristics. For ease of comparison, the pitching-moment data of figures 5,
6, and 7 are replotted in figure 8. The data of figure 8 show that the greatest
effect of the vee-tail occurred at high angles of attack for the iy = 30° con-
dition where it is seen that the addition of the tail resulted in erratic
pitching-moment behavior. The use of power eliminated this erratic behavior and
provided a stabilizing influence to the model.

Presented in figure 9 are the results of tests to determine the pitch
effectiveness of the vee-tail configuration. The results of tests with power
off (fig. 9(a)) and with power on (fig. 9(b)) show that the elevator was rela-
tively wesk in terms of control power and that, as might be expected, the effec-
tiveness was not greatly different with power off or on.

Because of the relatively weak pitch control effectiveness of the basic
vee-tail arrangement, several different tail modifications were investigated on
the model, and, in addition, the use of wing-tip deflection for pitch control
was investigated in an attempt to arrive at a more effective pitch control sys-
tem. The results of tests to evaluate the pitch effectiveness of the various



control systems are presented in figures 10 to 13. Presented in figure 10 are
data for the model with the basic vee-tail configuration modified to include a
center horizontal panel. (See fig. 2(a).) This center panel was hinged to
deflect directly with the vee-tail elevators for pitch control. A comparison
of the data of figures 9 and 10 indicates that the addition of the center panel
increagsed the pitch effectiveness of the model, particularly in the power-on
case where the effectiveness of the basic vee-tall was approximately doubled by
this modification.

Presented in figure 11(a) are longitudinal stability data for the model
with a conventional horizontal tail mounted in the propeller slipstream. (This
horizontal tail was formed by placing the two vee-tail panels together as illus-
trated in fig. 2(b).) For the power-on condition, the pitch effectiveness of
the conventional horizontal tail is seen to be substantially greater than that
for the basic vee-tail arrangement of figure 9. For the power-off condition,
there is little difference in the effectiveness of the two arrangements.
Although locating the horizontal tail in the propeller slipstream offers a
means of obtaining large increases in control effectiveness, it has the dis-
advantage of possible large trim changes between the power-off and power-on
conditions. Some information related to this problem was obtained in the
present investigation (presented in fig. 11(b)) by measuring the power-off and
power-on pitching moments of the model with the horizontal tall set at various
angles of incidences and with the horizontal tail off. The data of figure 11(b)
indicate that by careful alinement of the horizontal tail with the propeller
slipstream, it 1s possible to take advantage of the increased control effective~
ness provided by the slipstream without the disadvantage of large trim changes
associated with power failure. (For example, with a tail incidence of 10°, the
model was trimmed in pitch at a 1ift coefficient near the maximum value of L/D
and the effects of power were relatively small.) On the other hand, when the
horizontal tail was deflected to other angles of incidence (for example, -5°),
the data of figure 11(b) show that there was a change in pitch trim in the
event of a power failure, but that this trim change was only of about the same
magnitude as that experienced with the vee-tail with the center panel added

(see fig. 10).

Summarized in figure 12 are plots of the incremental pitching-moment coef-
ficient against elevator deflection and of the elevator effectiveness param-

eter Alpg against St/S for the tail arrangements investigated. The results

e
of this figure show very readily the benefit in control effectiveness derived

from the slipstream dynamic pressure. From the plot of ACm6 against St/S,
e

it is seen that the conventional horizontal tail with power on had about four
times the effectiveness of the basic vee-tail.

The data of figure 13 indicate that the use of the wing tips for pitch
control was relatively ineffective on the present model. It should be pointed
out that the wing-tip length of the model was 14 percent of the leading-edge
length and that an increase in tip length should increase the effectiveness of
the wing-tip control almost in direct proportion to the increase in ratio of
tip length to leading-edge length. However, the wing-tip hinge moment would be
expected to increase in proportion to the square of the increase in the ratio
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of tip length to leading-edge length and can become relatively large for this
type of control system.

Static lateral stability characteristics.- Representative static lateral
stability characteristics of the model measured over an angle-of-sideslip range
from -20° to 20° are presented in figures 14 to 16. The data of figure 16 show
that with the wing tips unlocked, the directional stability and the dihedral
effect were slightly reduced from those with the tips locked. These effects can
be explained as follows: When the model is sideslipped, a rolling moment is
produced about the parawing roll axis (this rolling moment is equivalent to the
wing-bank hinge moment in a vehicle of this type) because of the dihedral effect
of the wing (ACZ = CIBB). When the tips are locked, this rolling moment is

opposed by the roll cables which lock the wing in bank. When the tips are
unlocked, however, the sideslip rolling moment of the wing is opposed by a
rolling moment produced by the wing tips since the tips deflect to oppose wing
bank in proportion to the gearing ratio between the wing and tips. It was
observed that very little wing bank and wing-tip deflection occurred when the
model was sideslipped, which indicates that the wlng tips were effective in
neutralizing the rolling moment (or hinge moment) due to sideslip of the wing
about its roll axis. This result indicates that in a full-size man-carrying
vehicle, the lateral stick forces produced by sideslip would be relatively
small compared with those usually encountered in a vehicle of this type
employing wing bank alone for lateral control. (For example, see ref. 2.)

In order to analyze the results of figure 16 correctly, it is necessary to
consider the various factors contributing to the net forces and moments about
the center of gravity for the model in a sideslipped attitude with the wing
tips unlocked. These factors are shown in the following expressions:

CY = CYBB + Cy, sin ¢ + CYatipstip (l)
— X
Ca = Cpgf + iCp sin ¢ + cnatipstip (2)

In the side-force expression, the term Cj, sin ¢ represents the lateral
component of the 1ift vector when the wing is banked and the term CYSt 5tip
ip

represents the side force produced by tip deflection. These two terms are of
about the same order of magnitude but are opposite in sign for the conditions

under consideration. In expressions (2) and (3), the terms %CL sin ¢ and
%CL sin ¢ represent the yawing moment and rolling moment, respectively, pro-

duced by the lateral component of the 1lift vector for a banked condition. These
terms are opposed, respectively, by the yawing moment and rolling moment



produced by the tip deflection. Substituting measured data into expressions (1)
to (3) gives results which are generally similar to those of figure 16 for the
wing tips unlocked. More information concerning these factors will be presented
subsequently in the discussion of the control characteristics of the model.

The static lateral stabillity parameters CYB, Cnﬁ’ and ClB determined

from figures 1t and 15 at sideslip angles of #5°, as well as from other lateral
tests made at 159, are presented in figures 17 to 19. The data of figure 17
show that the model had positive dihedral effect (-C],‘3 for the angle-of-attack

range of this investigation and was statically directionally stable except at
the higher angles of attack. The data of figure 17(d) show that increasing the
angle of incidence lowered the platform angle at which the model became direc-
tionally unstable. (In all cases, this instability occurred at a keel angle of
attack of about 35°.) The data of figure 18 show that the vee-tail generally
increased the directional stability and positive dihedral effect of the model.
For the wing-off condition, the directional stability and dihedral effect were
relatively small over the test angle-of-attack range. The data of figure 19
show that the addition of the rudder surface to the model provided a positive
increment of CnB at low and high angles of attack in the power-off case. In

the power-on case, a positive increment of Cng was obtained with the use of

this surface over the entire angle-of-attack range because of the favorable
effect of the propeller slipstream.

Static lateral control characteristics.- The static incremental lateral

control characteristics produced by banking the parawing with respect to the
platform are presented in figure 20 for i, conditions of 20°, 259, and 309,

and these data are summarized in figure 21 for the power-off case. The data of
figures 20 and 21 show that banking the wing produced favorable rolling moments
but also gave fairly large values of adverse yawing moments at higher angles of
attack. Power effects were found to be relatively small for the conditions
investigated. These results are generally similar to those of previous para-
wing configurations which employed wing bank for lateral control. (For example,

see refs. 1 and 2.)

Previous analysis of the lateral control characteristics produced by wing
bank has indicated that the adverse yawing moment associated with this type of
control system can be attributed to the fact that the 1lift vector of the wing
acts behind the center of gravity and when the wing is banked the lateral com-
ponent of the 1lift vector produces a yawing moment through the horizontal moment
arm from this vector to the center of gravity. The investigation of reference 2
pointed out that in tunnel tests in which the platform of the model remsined
fixed and the wing was banked there was considerable difference in static con-
trol data depending upon the axis about which the wing was banked. For example,
in earlier parawing utility vehicles, the wing was banked about an axis parallel
to the keel; in the model of the present investigation, the wing was banked
about an axis parallel to the platform. In comparing the static roll-control
data for these two cases, it will be found that wing bank on vehicles about an
axis parallel to the keel produces relatively small rolling moments but favor-
able yawing moments whereas wing bank about an axis parsllel to the platform
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produces relatively high rolling moments but adverse yawing moments. Refer-
ence 2 indicated that under actual Tlight conditions the overall control effec-
tiveness should be about the same for the two cases inasmuch as the yawing
moments produce sideslip of the airplane (either favorable or adverse), and
this sideslip, acting through the effective-dihedral parameter CZB, produces

rolling moments that tend to equalize the net rolling moment acting in the two
cases. In reference 2 an expression for easily calculating the net rolling-
moment coefficient (rolling moment for the case of zero yawing moment) for con-
figurations employing the wing bank control system was derived. This expression

Z CZB 1
m1,net = ECL sin ¢ 1+ Er_l_ 173
B

was used to calculate the net rolling-moment coefficient produced by 5° wing
bank for the model of the present investigation and the results are presented
in figure 22. The plot in the lower portion of figure 22 shows that the net
rolling-moment coefficient of the model was considerably lower than the pure
rolling-moment coefficient measured in the tests and that the control system
became ineffective at the higher angles of attack. This abrupt loss in AC} pet
at the higher angles of attack results from the fact that the rolling effective-
ness factor, shown at the top of figure 22, drops off abruptly - mainly because
of the loss of directional stability shown in figure 17(b). The fact that the
net rolling-moment coefficient diminishes rapidly at the higher angles of attack
is in agreement with the results of references 1 and 2 where it was shown in
both small-model and large-scale tests that the use of wing bank for lateral
control was ineffective at high angles of attack in parawing configurations of
the utility vehicle type.

Presented in figures 23(a) and 23(b) are the lateral control character-
istics of the model provided by differential deflection of the wing tips with
the wing fixed at zero bank-angle. The incremental moment coefficients pro-
duced by wing-tip differential deflection (presented in fig. 23(c)) show that
the wing tips produced favorable roll and yaw when deflected for roll control.
In order to compare the rolling effectiveness of the wing tips on the same basis
as that of the wing-bank system, the data of figure 23(a) were used to estimate
the rolling moment produced for the case of zero yawing moment. This estimate
was made by first determining the egquilibrium sideslip condition where
B = ACn/CnB. From the value of f thus established, the incremental roliing-

moment coefficient introduced through the effective-dihedral parameter CzB
was then determined by AC; = CzBB. This value of AC; was then added to that

shown in figure 23(c) to obtain the net rolling-moment coefficient produced by
wing-tip deflection, and the results of these calculations are presented in
figure 2. The data of figure 24 show that the estimated values of net rolling
moment are generally considerably higher than the measured values and a compari-
son of these data with those of figure 22 indicates that the wing tips were more
effective for roll control than was the use of wing bank. For an accurate com-
parison of the rolling effectiveness, it is necessary, of course, to consider
the hinge moments as well as the rolling moments involved in the two systems.
For this reason, a plot of the net rolling-moment coefficient against



incremental hinge-moment coefficient for the two systems was made and is pre-
sented in figure 25. The hinge-moment-coefficient data for the wing-tip control
were estimated for the wing-bank system by using figure 24% and knowing that the
rolling moment about the pivot (which was obtained from wing~-alone data) was
equal to the hinge moment. The plot of figure 25 is identical in form to that
presented in figure 35(a) of reference 2 and shows that the wing~tip control
system provided a given rolling moment for a substantially lower hinge moment
than that of the wing-bank system.

The results of tests to determine the lateral control effectiveness of the
350 vee-~tail rudders are presented in figure 26(a). These data show that the
effects of power were small and that deflection of the vee-tail surfaces for
yaw control produced favorable yawing moments but was accompanied by large
adverse rolling moments.

Presented in figure 26(b) are the results of tests to determine the lateral
control effectiveness of a vertical rudder surface mounted directly in the slip-
stream. These data show that incremental yawing moments produced by the rudder
were small in the power-off case, but, as would be expected, were relatively
large for the power-on condition.

Flight Tests

The model behavior during flight was observed by the pitch pilot located
at the side of the test section and by the roll-yaw pilot located at the rear
of the test section. The results obtained in the flight tests were primarily
in the form of qualitative ratings of flight behavior based on the opinions of
these pilots. Motion-picture records obtained in the tests were used to verify
and correlate the ratings for the different tests of the model, and some of
this film has been prepared as a supplement (film serial L-83%6) to this report
and is available on loan.

Longitudinal stability and control characteristics.- The dynamic longitu-
dinal stability characteristics of the model were found to be satisfactory over
the angle-of-attack range of this investigation (keel angles of 20° to 31°).
The decrease in static longitudinal stability of the model as the trim lift
coefficient increased (see fig. 6(b)) did not appear to be of great signifi-
cance in the flight behavior of the model up through the maximum angle of
attack flown. If flights had been made through the stall, however, the data
of figure 6(b) indicate that a pitch-up tendency might have bheen encountered.

Deflecting the vee-tall surfaces for pitch control was found to provide
unsatisfactorily weak dynamic longitudinal control characteristics even with
control deflections as large as 125°. TFor steady, relatively undisturbed con-
ditions, the vee-tail provided sufficient control to keep the model flying but
this control was considered to be unsatisfactory for overcoming large disturb-
ances or for providing adequate maneuver capability.

Even though the design vee-tall arrangement was considered unsatisfactory

for longitudinal control, it was felt that the use of some type of horizontal
tail should provide a superior method of controlling a parawing vehicle of this
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type as opposed to control by pitching the wing (which is, in effect, control
by center-of-gravity shift) because of the inherently lower stick forces
involved and the elimination of unsatisfactory control gradients and inertia
feedback problems associated with the center-of-gravity-~shift control system.
For this reason, a limited number of flight tests were made to explore the use
of other horizontal-tail arrangements for longitudinal control.

In view of the fact that previous investigations have shown that substan-
tial gains in control effectiveness can be obtsined with control surfaces
mounted directly in the propeller slipstream (see ref. 1), a few flights were
made in which a movable horizontal surface was mounted directly behind the pro-
peller disk. This surface, which was identical in size to the rudder surface
mounted behind the propeller disk shown in figure 2(b), proved to be too small
for adequate control power in pitch but showed enough promise as a longitudinal
control device to warrant further studies with larger surfaces of this type. An
example of such an arrangement is the horizontal tail formed by placing the two
vee-tail panels together as illustrated in figure 2(b). This tail arrangement
was not flight tested, but on the basis of the static control data of figure 12,
it appears to offer a means of utilizing the existing vee-tail panels to obtain
large increases in the longitudinal control power of the configuration.

Another longitudinal control system flight tested in the present investi-
gation was that of wing-tip deflection for pitch control. This system was
studied on the present model since in a preliminary flight investigation of a
parawing configuration, it had shown some promise as a longitudinal control
device. On the present model, however, this type of control was found to be
relatively weak (as indicated by the control effectiveness data of fig. 13),
apparently because of the small tip length involved. The response of the
model in pitch to wing-tip deflection was generally similar to that of the
model with the original vee-tail arrangement, particularly at the higher angles
of attack; that is, the model could be flown satisfactorily under relatively
undisturbed conditions but there was insufficient control for recovering the
model from large disturbances or for providing adequate maneuver capability.
In the lower angle-of-attack range, the control provided by the wing tips was
somewhat improved, but the amount of control available was still considered
inadequate.

One means of increasing the control effectiveness of the wing-tip control
system would be to increase the wing-tip lengths. 1In fact, the control effec-
tiveness probably would increase in direct proportion to the increase in tip
length. It should be remembered, however, that the wing-tip hinge moments
would be expected to increase in proportion to the square of the increase of
the tip length and therefore careful consideration should be given to both of
these factors in comparing the relative merits of this control system with those
of other systems envisioned for controlling parawings in pitch.

Lateral stability and control characteristics.- The lateral stability
characteristics of the model were found to be generally satisfactory over the
angle-of-attack range. The model was directionally stable and the lateral

oscillations were well damped.
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The use of wing bank alone (no tip deflection) for lateral control gener-
ally provided a satisfactory means of controlling the model at the lower angles
of attack of this investigation, but as the angle of attack increased there was
a progressive deterioration in control effectiveness and at the higher angles of
attack this control was considered ineffective for satisfactorily controlling
the model. It was extremely difficult to keep the model under control and
positioned in the test section in the high-angle-of-attack range; the slightest
disturbance usually resulted in the model going out of control and diverging
out of the test section. This loss in control effectiveness is generally simi-
lar to that experienced in previous flight-test investigations with parawing
models of this type (see ref. 1) and is believed to be associated primarily
with the relatively large adverse yawing moments generated with this type of
control (see fig. 21) in combination with large values of positive effective
dihedral and consequent reduction in net rolling-moment coefficient at high
angles of attack (see fig. 22).

Flight tests of the model with conbination wing-tip and wing-bank control
(that is, with the wing tips geared to deflect much like a servo tab) indicated
that the control effectiveness of the model was reduced somewhat compared with
that experienced with wing bank alone. From overall considerations the control
characteristics of this control system were probably generally similar to those
with the wing tips fixed, but for any given angle of attack it asppeared that the
response of the model to control was more sluggish and sustained flights were
even more difficult to achieve, particularly under disturbed conditions in the
high angle-of-attack range. The reason for the reduced control effectiveness
of this system is not completely understood, but it may be related to lag
effects or to slight changes in the wing derivatives through tip deflection
such as those indicated by the force-test data of figure 16. It should be
pointed out that in a full-size man-carrying vehicle utilizing this type of
lateral control, the reduction in stick forces achieved through the movable
tips would probably more than mask the deteriorating effect of the geared tips
on control effectiveness and the pllot would probably rate this combination
control superior to the wing-bank-alone control. Both types of control would
probably be unacceptable, however, on the basis of control power requirements
of conventional airplanes.

Deflection of the vee-tall surfaces as rudders in combination with wing
bank to reduce the adverse yawing due to wing bank resulted in a pilot-induced
lateral oscillation which built up in amplitude because of control inputs as
the pilot attempted to keep the model within the tunnel airstream. All flights
with this arrangement were terminated by a control divergence. This divergence
appeared to be caused by the reduction in roll control moments which resulted
from the relatively large adverse rolling moment introduced when the vee-tail
rudders were deflected for yaw control. (See fig. 26(a).) The vee-tail was
therefore very unsatisfactory for lateral-directional control. Because of the
unsatisfactory nature of the yaw control provided by the vee-tail surfaces, the
vee~tail rudders were locked at neutral and a vertical rudder surface was
installed on the model directly behind the pusher propeller to provide a source
of favorable yawing moment. When this rudder was coordinated with the wing
control, the model had satisfactory lateral control characteristics over the
angle~of-attack range of this investigation. In fact, it appeared that the
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model could be flown satisfactorily with the rudder alone at high angles of
attack because of the high dihedral effect.

Another method of roll control which was investigated by flight tests was
that of wing-tip deflection with the wing locked in bank. This system
(developed and flight tested at Langley on the model of ref. 1) was found to be
the most effective roll-control system investigated. The response of the model
to control was rapid and very little attention was required by the roli-yaw
pilot to maintain smooth sustained flights. In fact, because of the relatively
high degree of rolling effectiveness, the model could be rolled to large angular
displacements and then recovered easily by corrective control within the limited
area of the tunnel test section. This rolling effectiveness was evidenced
despite the relatively small tip length used on the present vehicle. The high
rolling effectiveness in this case is apparently related to the fact that favor-
able yawing moments as well as favorable rolling moments were generated by wing-
tip deflection. (See fig. 23(c).) Because of this favorable yawing moment with
wing-tip deflection, it appeared that satisfactory lateral control could be pro-
vided with this system without the use of a rudder.

CONCLUDING REMARKS

The conclusions presented in the following sections were drawn from the
results of the free-flight and force tests of a model of a parawing utility
vehicle. The model was generally similar in design to an earlier model of a
parawing utility vehicle flight tested, but incorporated several design changes,
primarily in the area of control, which were intended to correct certain defi-
ciencies of the earlier vehicle.

Stability

The model had satisfactory longitudinal and lateral stability over the
angle~of-attack range covered in flight (keel angles of attack of 20° to 510),
but the force tests showed a pitch-up tendency and negative static directional
stability at angles of attack above those covered in the flight tests.

Control

Design control system.- The control effectiveness provided by the design
control system was unsatisfactory gbout each of the three axes in some flight
conditions. The pitch control provided by the 359 vee-tail was much too weak
for safe control of the model. When this vee-tail was used for yaw control, it
produced such large adverse rolling moments that it was completely unsatis-
factory as a yaw control. The wing-bank system used for roll control gave gen-
erally satisfactory control at low angles of attack. The control became pro-
gressively weaker with increasing angle of attack, however, and it was consid-
ered too weak for satisfactory control of the model at the higher angles of
attack covered in the tests, either with the design condition in which the wing
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tips were geared like servo tabs to reduce the wing hinge moments or when the
wing tips were fixed.

Revised control system.- The force tests indicated that satisfactory longi-
tudinal control could be provided by a horizontal tail the same size as the vee-
tail located behind the propeller in the propeller slipstream. Satisfactory
directional control was obtained in the flight tests with a rudder mounted in
the propeller slipstream. Satisfactory roll control was obtained by the use of
wing-tip deflection with the wing locked in bank. Because this type of roll
control also provided favorable yawing moments, it appeared that satisfactory
lateral control could be obtained by the use of wing-tip deflection without
the use of a rudder.

Langley Research Center,
National Aeronautics and Space Administration,
Langley Station, Hampton, Va., September 30, 1964.
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TABLE I.- MASS AND DIMENSIONAL CHARACTERISTICS OF

Weight, 1b . « o ¢ ¢ ¢ ¢« ¢ o o o o o o o o« o o =+ &
Wing loading, 1b/sq ft « + « « « + « « ¢ « o o . .

Moment of inertia, slug-ftez

IX « ¢ o o o e o o o e o 4 e e w e et e e e e

Parawing dimensions:
Area (developed, 45° leading-edge sweep), sq ft
Span (based on 45° leading-edge sweep condition)
Keel length, £t . . . . . . . . o e s . .

Vee-tail dimensions:
Area (two panels), sq@ £t . +« « ¢ v « ¢« 4 o o . .
Span (projected), £t « « « « « ¢ ¢ ¢ 4 0 0 . .
Tipchord, f£t . . . . . « ¢« . « o o« ¢« . o o .« .
Root chord, ft . « . ¢« « « « + & ¢ v ¢ ¢ v o o &

Rudder dimensions:
Area, sq ft . . « ¢ ¢ v v 4 o v v v 0w e e
Span, £t « « ¢ ¢ ¢ 4t v e e e e e e e e e e e
Chord, f£t . . . . ¢ ¢ ¢ o o ¢ o ¢ v 000 0.

THE MODEL

78.0
147

4.6
15.7
1.7

53.15
12.26

8.67

5.62
5.4
1.17
1.5

1.50
2.0
0.75
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Flgure l.- System of axes used in investigation.

Longitudinal data are referred to wind

axes and lateral data are referred to body axes unless otherwise specified. Arrows
indicate positive direction of moments, forces, and angles.



(a) Vee-tail arrangement.

Figure 2.- Three-view drawing of model used in investigation. All dimensions are in inches.
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(b) Revised tail arrangement.

Figure 2.~ Continued.



Pitch trim
control cable —

,
|

(¢) Lateral control system and pitch trim system used on model.

Figure 2.- Concluded.

“— Movable wing tip

21



22

(a) Three-quarter front view of model.

(b) Three-quarter rear view of model flying in Langley full-scale tunne

Figure 3.- Photographs of model.
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